A quasi-two-dimensional equation of state for liquid-type lipid monolayers has been derived and successfully applied to surface pressure-area isotherms obtained with a variety of lipids. For lipids with acyl moieties of similar length, the surface pressure and area at monolayer collapse can be accurately predicted from data obtained at lower surface pressure. Consideration of the rationalized activity coefficient as a linear scaler in an expression for surface pressure as a function of depth in the surface phase permits comparison of surface pressure-area data for monolayers with force-distance data for bilayers. This analysis shows the thermodynamic equivalence of monolayers at collapse and fully hydrated bilayers. It also supports the interpretation of the activity coefficient as a scaler and allows its determination solely from bilayer-derived data. Overall, the results show the common assumption that partial specific volume of water equals its bulk value to be inappropriate for the analysis of surface structure.
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The study of lipid monolayers at the air-water interface provides direct information about the free energy of surface phases as a function of lipid molecular area, temperature, and other intensive parameters. From such studies monolayers are known to exhibit physical behavior-e.g., thermotropic phase transitions, similar to that of bilayers and other surface phases. Hence, in theory, it should be possible to use data from the monolayer experiment to better understand surface structure in general. This has not been possible, however, because of the lack of an adequate thermodynamic description of lipid-water interfaces and because of uncertainties about the point at which monolayer and other surface phases correspond thermodynamically (e.g., ref. 1) .
Early descriptions of lipid monolayer properties concentrated on the behavior of the lipids themselves, ignoring the presence of water in the surface phase (e.g., refs. 2-4). Subsequently, the importance of water was realized (5) (6) (7) (8) (9) , and application of such models to lipid films at the point of collapse has suggested a two-dimensional structural model based on the presence of water molecules associated with each lipid species (10, 11) . Studies of bilayer structure have also focused on the role of water as a determinant of interfacial structure. These studies have led to the recognition that at small distances water-water interaction is the principal mediator of the approach of two lipid-covered surfaces through an aqueous medium (12) (13) (14) .
Prompted by the apparent similarities between monolayer and bilayer systems and the importance of water in determining their structures, we have derived a water-oriented, quasi-two-dimensional equation of state that accurately describes the properties of liquid-type (15, 16) (17) , but these are difficult to apply experimentally. Using a firstorder treatment with the generalized Gibbs approach, Lucassen-Reynders (6, 7) has shown that the excess free energy, AGij, that interactions impart to a nonideal surface of n components, can be described by a linear function of the product of the mole fractions XjXj for each pair of interacting molecules, AG1j/X nI = E Hj Xi Xj, where Hij are proportionality constants characterizing the interaction specific for each combination of components i and j. The excess free energy is related to the activity coefficient 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. stant, q, and the surface force term is added, the total chemical potential for component 1 in the surface phase is given by i4 = 1, + q-k.Tln(fsiXD)+r, [1] where ir is the surface pressure and w, is the partial molar area of component 1, water. By use of the usual condition for equating the activity of water in bulk and surfacze phases, X1 = X1 = 1, when ir = 0, and defining ft/fi = fl, Eq. 1 becomes irl = -q-k-Tln(fgX1). [2] This equation of state retains the two-dimensional form of the classical Gibbs equation, modified by the parameters q and f1 to allow for nonideal interactions and their changes with depth. Previous two-dimensional analyses of data for pure and mixed liquid-type lipid films at the air-water interface have suggested that the point of film collapse, the molecular area of each lipid species, i = 2 .... n, is comprised of a limiting area of the lipid and the area, ai , of a number of water molecules, a1 (10, 11) . To extend this model to surface pressures less than and molecular areas greater than those at collapse, irx and cow,, it can be assumed that the properties of the lipid and water at collapse remain unchanged and that the remaining area is occupied by additional water molecules. For a system of water and a single lipid species, the number of nonassociated water molecules is given by (A -c)1wc, where A is the total area divided by the number of lipid molecules. Hence, the mole fraction of water in the surface phase is given by a + (A -wJ)/e 1 + a + (A -oc)/< Substitution of this into Eq. 2 and rearranging gives A = c--arcs + [3] fi-expiTo)-1 flePq~k-T) (20) , when the surface pressure decreases exponentially (21, 22 ) from a value iro at the air-surface interface to zero at the surface-bulk water interface, the depth-dependent surface pressure is given by [7] which describes the Us~ing the data subsets and w, = 9.65 (16) , the parameters 00, f1, and q were optimized for each lipid using a modified Levenberg-Marquardt least-squares algorithm (24) . The value of (o, for each lipid was obtained by using these parameters to evaluate the function at irc, and from this and coO the hydration parameter, a, was calculated. The values of the parameters obtained are given in Table 1 . The ability of the model to describe the data is shown graphically by the excellent fit of the theoretical points generated with the parameters (A in Fig. 1 (Fig. 2) .
The parameter f1 is the ratio of activity coefficients of interfacial and bulk water. As such, it is a rationalized activity coefficient comparable to those defined in bulk systems. As reviewed by Hildebrand and Scott (25) , rationalized activity coefficients are indicative of changes in volume upon the mixing of two bulk phases at constant temperature or upon changing temperature at constant pressure. This effectively makes them scalers of dimensional quantities. Because the linear coefficient of expansion is proportional to the natural logarithm of the rationalized activity coefficient (25) , the change in volume is proportional to the cube of the rationalized activity coefficient. Likewise, area changes are scaled by its square. If such a relation holds for the coexisting bulk and surface phases, the parameter fi becomes a linear scaler for the dimensions of water in the surface phase relative to the bulk. With the conventions used in the derivation of Eq. 3, the values of fl.> 1 shown in Table 1 imply that the effective size of a water molecule in the surface phase is reduced from the bulk value of 30 A3 (26) by a factor of fi.
Using the assumption that fi is a linear scaler allows prediction of how distance-related parameters such as (c might vary with changes in the activity of interfacial water. A2, where the superscript (') denotes that quantities are calculated assuming f, = 1.0. Interestingly, this value is similar to the reported molecular area of 75.6 A2 for structurally similar egg PtdCho in fully hydrated, multilamellar, bilayer vesicles (22) . To further test this possible relationship, we compared wc values from Table 1 with reported bilayer areas at full hydration (22, 27) , oc4, and with wc/fl. In spite of differences in experimental conditions, such as ionic strength, temperature, and pH, Fig. 3 shows that there is a 1:1 correspondence between wo and wC./fl (10, 11, 22, 27) . This agreement suggests that the calculation of lipid molecular areas routinely made using the assumption of f, = 1.0-i.e., that the partial specific volume of water is 1.00 ml/g in bilayers at full hydration, is either inappropriate or that some other fundamental distinction exists between monolayers at the point of collapse and fully hydrated bilayers.
To examine further the possible relationship between monolayer and bilayer states, Eq. 7 was developed to relate our quasi-two-dimensional model to forces applied to bilayers in three dimensions. Substituting the identities dk/2f, for di, An panded state based on statistical distribution of chain configurations. In particular, the view of the interface as a nonideal surfactant, which can be described empirically by the activity coefficient of water (20) , is consistent with Eq. 4 that successfully describes ir-A behavior and predicts vr using only the collaps~e area, wc, and the rationalized water activity coefficient, fl.
The 1:1 relation between monolayer and properly scaled bilayer areas (Fig. 3) which phase transitions were taken as collapse, suggests that at higher ir values the films are metastable or that the collapse areas are similar to those at which the phase or state transition is observed. The relationship between monolayer and bilayer systems shown in Fig. 4 strengthens the definition of w0 as the area of dehydrated lipid. This is because the data for the bilayer portion of the curve are based on progressive dehydration due to osmotic pressure. Comparison of wo values (Table 1 ) as a function of chain composition and number show variations for molecules with the same acyl compositions. Thus, wo cannot be considered simply as the cross-sectional area of the hydrocarbon chains.
Examination of the effect of changing fi led to the recognition of the equivalence of monolayer and bilayer states.
The k~ey to establishing this relationship was the recognition that fi may be a scaler for the dimensions of water between surface and bulk phases. An increase in the density of interfacial water relative to bulk is not a new concept (28) and has recently been suggested by both experimental (26, 29) and theoretical (30, 31) examinations of phospholipid bilayer structure. It should be noted that an alternative explanation for the small partial molecular volume of water can be made by postulating the existence of a large amount of free volume in the headgroup. A possible exception to our findings has recently been noted (ref. 32 , and J. R. Scherer, personal communication) which indicates that bulk values for fi may be a good assumption, but in turn raises questions about number densities (number of water molecules per lipid headgroup). A possible interpretation of our finding is that the classical interpretation of x-ray data on bilayer spacing (33) using bulk water density may be an overestimation of both dw and A'.
The addition of a depth feature to the behavior of iT at interfaces resulted in Eq. 7, which relates surface forces to Ir. This equation differs from that of Parsegian and coworkers (21, 22) in that it allows coupling between forces normal and parallel to the interface. As a result, fl, A, and wc can be determined directly from bilayer-derived experimental data.
Also, the excellent description of the entire curve in the bilayer region by Eqs. 4 and 7 implies that other forces which are operative at low hydration (12) being the volume of a bulk water molecule (26) .
Overall, the relationships presented in this work show a unified approach to understanding the role of water and its interactions with lipids in determining the structure of planar interfaces. These relationships should also be a basis for better understanding of lipid miscibility in surfaces and possibly allow predictions of curvature in nonbilayer phases to be made from simple monolayer measurements.
